Abstract: A high-speed, low-power divide-by-3/4 prescaler based on an extended true single-phase clock D-flip flop (E-TSPC DFF) is presented. We added two more transistors and a mode control signal to the conventional E-TSPC based divide-by-4 divider to achieve the function of the divide-by-3/4 dual modulus frequency divider. The designed divide-by-3/4 achieved higher speed and lower power operation with mode control compared with the conventional ones. The prescaler was comprised of sixteen transistors and integrates an inverter in the second DFF to provide output directly. The power consumption was minimized due to the reduced number of stages and transistors. In addition, the prescaler operating speed was also improved due to a reduced critical path. We compared the simulation results with conventional E-TSPC based divide-by-3/4 dividers in the same process, where the figure-of-merit (FoM) of the proposed divider was 17.4-75.5% better than conventional ones. We have also fabricated the prescaler in a 40 nm complementary metal oxide semiconductor (CMOS) process. The measured highest operating frequency was 9 GHz with 0.303 mW power consumption under 1.35 V power supply, which agrees with the simulation well. The measurement results demonstrate that the proposed divider achieves high-speed and low-power operation.
Introduction
With the rapid development of coherent wireless communication systems, frequency synthesizers become indispensable. Internet of things (IoT) applications [1] [2] [3] , for example, will be ubiquitous in the near future and integrate into our daily life.
IoT applications put unprecedented challenges on cost and battery size for IoT sensor nodes [4] , in which phase-locked-loop (PLL) synthesizers play a key role in terms of performance as well as power consumption. Within PLL synthesizers, the high-speed divider is a power-hungry block, which transforms a high-frequency input signal into a relatively low one for the following stages. In particular, the prescaler inside dividers often operates at the highest frequency and determines the operating frequency and power consumption of frequency dividers. For example, a divider which transforms a 4 GHz signal into a 40 MHz signal, a divide-by-4 prescaler could consume more than 50% power consumption of the entire divider. Conventionally, dividers with a division ratio of 2/3, 4/5 or larger ratios are usually implemented for prescalers. However, a divider with a 3/4 division ratio is favorable in some cases, such as 7-9 division, as shown in Figure 1 . A divide-by-2/3 prescaler or a divide-by-3/4 prescaler consists of two DFFs and some other logic to control the divide ratios. The output frequency of a divide-by-2/3 prescaler is higher than a divide-by-3/4 prescaler. If we use only one divider as a prescaler, the back-stage circuit of a divide-by-2/3 prescaler needs to process a higher frequency signal which is harder to design the back stages. A divide-by-4/5 prescaler usually consists of three or four DFFs. The extra DFFs lead to extra power consumption. However, there are few pieces of research about divide-by-3/4 prescalers. Study about divide-by-3/4 prescaler is valuable.
There are several techniques to realize prescalers, including injection-locked frequency dividers [5] [6] [7] , True single-phase clock (TSPC) D-flip flop (DFF) based dividers [8] [9] [10] [11] and true single phase clock (E-TSPC) DFF based dividers [12, 13] . In this paper, an E-TSPC DFF based prescaler implementation was chosen due to its higher operating frequencies than TSPC ones and lower power consumption than injection-locked ones with a small chip area. In Section 2, we introduce different structures of divider circuits and compare the architecture of the proposed prescaler with different topologies of divide-by-3/4 prescalers based on E-TSPC DFF. Section 3 shows the simulation and measurement results in a 40 nm CMOS process and comparison with several state-of-the-art E-TSPC based prescalers. Section 4 concludes the paper. There are several techniques to realize prescalers, including injection-locked frequency dividers [5] [6] [7] , True single-phase clock (TSPC) D-flip flop (DFF) based dividers [8] [9] [10] [11] and true single phase clock (E-TSPC) DFF based dividers [12, 13] . In this paper, an E-TSPC DFF based prescaler implementation was chosen due to its higher operating frequencies than TSPC ones and lower power consumption than injection-locked ones with a small chip area. In Section 2, we introduce different structures of divider circuits and compare the architecture of the proposed prescaler with different topologies of divide 
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Comparaison of Different Frequency Divider Structures
A frequency divider is a basic block of PLL synthesizers, which usually follows a voltage controlled oscillator (VCO) to slow down its signals to a low-frequency one that CMOS logic can process. Since a frequency divider often operates at the highest frequency of synthesizers, it significantly impacts their power consumption and phase noise performance. These three different types of high-speed frequency divider are usually used-injection locked frequency dividers (ILFD), static frequency dividers such as current mode logic (CML) and TSPC logic based dividers, and dynamic frequency dividers such as extended E-TSPC logic based dividers. Table 1 shows the comparison of speed and power consumption of these different structures. High Large CML based divider leverages differential architecture and small signal swing to achieve highspeed operation. However, it induces a large power consumption due to a doubled number of operating transistors and DC power consumption. In addition, a CML based divider often features 
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A frequency divider is a basic block of PLL synthesizers, which usually follows a voltage controlled oscillator (VCO) to slow down its signals to a low-frequency one that CMOS logic can process. Since a frequency divider often operates at the highest frequency of synthesizers, it significantly impacts their power consumption and phase noise performance. These three different types of high-speed frequency divider are usually used-injection locked frequency dividers (ILFD), static frequency dividers such as current mode logic (CML) and TSPC logic based dividers, and dynamic frequency dividers such as extended E-TSPC logic based dividers. Table 1 shows the comparison of speed and power consumption of these different structures. CML based divider leverages differential architecture and small signal swing to achieve high-speed operation. However, it induces a large power consumption due to a doubled number of operating transistors and DC power consumption. In addition, a CML based divider often features constant power consumption with controlled bias currents, resulting in a complicated design. Since CML belongs to static logic, CML based divider can operate from DC to a high-frequency.
In order to boost operating frequency, people use ILFD architecture exploiting inductive loads to compensate parasitic capacitance and achieve a high-speed division. An ILFD could perform division at a higher than 200 GHz frequency [14] . However, ILFD mandates a sophisticated design and occupies a large chip area due to its inductive loads, which introduces frequency selectivity and limits its operating frequency range. Therefore, an ILFD is not optimum to cost-sensitive IoT applications.
In contrast, a TSPC frequency divider features a simple structure with only transistors, which substantially reduces power consumption and chip area. It is also forward to implement programmable dividing ratios in TSPC DFF. Although the maximum operating frequency of TSPC dividers is lower than its ILFD counterpart due to lack of inductive load, and is also inferior to CML based divider because of its large voltage swing, TSPC based dividers present much better power consumption with smaller chip area at relatively low operating frequencies than ILFD based and CML based dividers. Given most of IoT applications operate at low RF frequencies, TSPC based dividers are preferred. It is worth noting that TSPC based dividers belong to dynamic dividers and have a maximum operating frequency as well as a minimum operating frequency instead of DC.
E-TSPC divider is an extended version of TSPC divider, which consists of six transistors without an output buffer. Compared to conventional TSPC divider with at least nine transistors, it reduces the transistor count by 33%. Therefore, an E-TSPC DFF divider can achieve high-speed operation with low power consumption, wide operating frequency range, and small chip area at the cost of higher minimum operating frequency. Consequently, an E-TSPC DFF based dual-modulus prescaler can also achieve low power, a small area with CMOS output swing. Moreover, E-TSPC DFFs are compatible with not-or (NOR) or not-and (NAND) logic by simply adding one transistor at input stages, which facilitates programmable divider design. Therefore, E-TSPC DFF based prescaler was chosen to implement the design in this paper.
Conventional E-TSPC Based Divide-by-3/4 Frequency Dividers
There are two conventional topologies and a modified topology [12] of divide-by-3/4 frequency dividers based on E-TSPC DFFs in prior arts.
The first divide-by-3/4 frequency divider is based on two NOR gates, as shown in Figure 2a . Since the divider only needs the output QN from the first DFF stage, we can annihilate an inverter in the first DFF stage that is redundant. In addition, this divider presents a critical path from Qn2 to D2 passing through two NOR gates. These extra gates in the path obviously slow down the operating speed of the prescaler. One approach to improve the speed is to combine the logic gates with the DFFs, which, however, still presents the speed bottleneck of this topology with a long path.
The second divider-by-3/4 is based on multiplex (MUX) gates, as shown in Figure 2b . This divider uses one MUX gate and one NAND gate to implement mode control. The MUX based divider can be simplified by a full 2-transistor and a single PMOS transmission gate which could have similar parasitic to the NOR-based one.
There is a modified divider-by-3/4 proposed in Reference [12] , as shown in Figure 2c . This divider replaces conventional logic gates with two transistors to control the division mode. By doing so, its performance in divide-by-4 mode is improved because there are no redundant transistors between the two DFFs, otherwise, the signal has to go through extra gates in the dividers in Figure 2a ,b. In divide-by-3 mode, the added transistors of this topology must charge quickly to support high-speed operation and lead to high current consumption. 
The Proposed Divide-by-3/4 Frequency Divider
The performance FoM of a prescaler can be defined as the ratio of its maximum operating speed over its power consumption. The maximum operating frequency is usually dominated by the divideby-3 mode because there is a longer critical path. Therefore, an efficient approach to improve the speed is to reduce the critical path of the divider in the divide-by-3 mode.
Conventional divide-by-3/4 prescalers add common logic gates between two DFFs. To avoid this, we minimize the path by building a new connection instead of the logic gates between the two DFFs. The proposed divide-by-3/4 prescaler based on E-TSPC DFFs is shown in Figure 3 . We use 16 
The performance FoM of a prescaler can be defined as the ratio of its maximum operating speed over its power consumption. The maximum operating frequency is usually dominated by the divide-by-3 mode because there is a longer critical path. Therefore, an efficient approach to improve the speed is to reduce the critical path of the divider in the divide-by-3 mode.
Conventional divide-by-3/4 prescalers add common logic gates between two DFFs. To avoid this, we minimize the path by building a new connection instead of the logic gates between the two DFFs. The proposed divide-by-3/4 prescaler based on E-TSPC DFFs is shown in Figure 3 . We use 16 transistors including the output inverter in total, compared with 18 transistors in Reference [12] . Most importantly, we employ two N metal oxide semiconductor (NMOS) transistors to constitute the critical path from node T2 to node T5 and cut down the current consumption. As shown in Figure 3 , transistors M1-M6 form the first DFF stage, transistors M7-M14 form the second DFF stage, and transistors M15 and M16 form the mode control switch. The sizes of the transistors are optimized to balance the speed and power consumption. Especially for node T5, to realize the switch of the divide ratio, M9, M10, M15 and M16 are designed to have different driving abilities.
transistors including the output inverter in total, compared with 18 transistors in Reference [12] . Most importantly, we employ two N metal oxide semiconductor (NMOS) transistors to constitute the critical path from node T2 to node T5 and cut down the current consumption. As shown in Figure 3 As shown in Figure 3 , the delay of the critical path from node T2 to T5 is minimized because the NMOS transistor M15 essentially connects node T2 with node T5. In addition, there are only two driving transistors from node T5 to the output. Compared with the conventional prescalers, our proposed prescaler reduces the critical path delay by almost 30%.
Reference [11] suggests that the total power consumption of a divider is determined by its switching power and short circuit power consumption. The switching power consumption is given by
where N is the number of stages, is the input clock frequency, is the load capacitance, and is the supply voltage. The short circuit power consumption is given by
where is the short circuit current. Since the switching power consumption increases with the operating frequency, it dominates the total power consumption at a high operating frequency. To implement a low-power prescaler, we must reduce the value of , N and supply voltage . The proposed prescaler consists of two E-TSPC DFFs with no redundant circuits. The additional load capacitance of node T2 and T5 is 15 and 2
15
, respectively. Therefore, the power consumption is much lower than that of conventional topologies and is also lower than that in [12] because of the reduction of an inverter in the first DFF.
We can control the prescaler in either a divide-by-3 or divide-by-4 mode by setting the ModeControl (MC) signal. When MC is low to turn off NMOS transistor M16, the added route is deactivated. The two DFFs are in series and operate in divide-by-4 mode. The influence of the As shown in Figure 3 , the delay of the critical path from node T2 to T5 is minimized because the NMOS transistor M15 essentially connects node T2 with node T5. In addition, there are only two driving transistors from node T5 to the output. Compared with the conventional prescalers, our proposed prescaler reduces the critical path delay by almost 30%.
where N is the number of stages, f ck is the input clock frequency, C L is the load capacitance, and V dd is the supply voltage.
The short circuit power consumption is given by
where I SC is the short circuit current. Since the switching power consumption increases with the operating frequency, it dominates the total power consumption at a high operating frequency. To implement a low-power prescaler, we must reduce the value of C L , N and supply voltage V dd . The proposed prescaler consists of two E-TSPC DFFs with no redundant circuits. The additional load capacitance of node T2 and T5 is C g M15 and 2C gd M15 , respectively. Therefore, the power consumption is much lower than that of conventional topologies and is also lower than that in [12] because of the reduction of an inverter in the first DFF.
We can control the prescaler in either a divide-by-3 or divide-by-4 mode by setting the Mode-Control (MC) signal. When MC is low to turn off NMOS transistor M16, the added route is deactivated. The two DFFs are in series and operate in divide-by-4 mode. The influence of the additional two transistors is negligible. Because we reduce the extra transistors between the two DFFs, the proposed prescaler demonstrates a higher speed and lower power consumption than conventional ones.
When the MC signal is high, the prescaler is in divide-by-3 mode. Unlike ordinary divide-by-3/4 dividers, we form a NAND-3 logic by M9, M10, M15 and M16. Since transistor M15 and M16 are stronger than M9 in the design, T5 becomes high only when CK, T2 and T4 are all low. When CK or T2 is high, M12 turns off so that Qn2 becomes high. The prescaler bypasses the second DFF and transfer the signal to the output in one clock cycle. When T2 is low, the second DFF becomes effective and the signal needs two clock cycle to transfer to the output. Consequently, the prescaler accomplish a divide-by-3 operation, as shown in Figure 4 .
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Simulation and Measurement Results
Simulation Results
We have analyzed and compared the proposed prescaler with the conventional ones using an identical 40 nm CMOS process for fair comparisons, including the low power design based on E-TSPC DFFs in Reference [12] , NOR-based and MUX-based prescaler. In addition, 2 fF capacitors are added to all of the nodes to emulate the parasitic capacitance from the layout. The simulation has been conducted in a typical process corner at 300 K temperature and a 1.1 V power supply. The speed under the divide-by-3 mode is chosen to represent the speed limit of the prescalers because the maximum operating frequencies under the divide-by-3 mode are always lower. Figure 5 shows the proposed prescaler can operate at 7.2 GHz, and the prescaler can operate in divide-by-4 and divide-by-3 mode correctly when MC is "0" and "1", respectively. Table 2 compares the maximum operating frequencies and the power consumption at the frequencies of different dividers. We define FoM of a frequency divider as The prescaler can work by removing M15, which further reduces the critical path. Under this condition, the performance under the divide-by-3 model depends mainly on the speed of the node T5 discharge and is not obviously affected by other nodes. M9 presents a stronger driving capability than M10, and a lower driving capability than M16 in the design. Therefore, when both M9 and M10 turn on, node T5 remains high. When M16 is also turned on, the T5 node is reduced to a low level. Under this condition, the discharge speed of M10 and M16 determines the division speed. However, an always-on M16 in divide-by-3 mode wastes a lot of energy, which is verified by simulation. We added M15 back to save power consumption.
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where Frequency is the maximum operating frequency of the prescaler and power is the power consumption at the maximum operating frequency respectively. The maximum operating frequency of the proposed prescaler is 7.2 GHz, which is 10.1%, 41.2% and 60.6% higher than those in Reference [12] , NOR-based and MUX-based ones, respectively. The FoM is also 17.4%, 34.8% and 75.5% better, respectively.
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Measurement Results
The proposed divider-by-3/4 prescaler has been designed and fabricated using SMIC 1P7M 40 nm CMOS technology. The chip microphotograph is shown in Figure 6 and the overall chip size is 512 × 650 μm 2 . The test chip contains pads, input buffer and output buffer to facilitate characterization. The size of the divider core circuit is 3.4 × 5.66 μm 2 chip area. 
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The proposed divider-by-3/4 prescaler has been designed and fabricated using SMIC 1P7M 40 nm CMOS technology. The chip microphotograph is shown in Figure 6 and the overall chip size is 512 × 650 μm 2 . The test chip contains pads, input buffer and output buffer to facilitate characterization. The size of the divider core circuit is 3.4 × 5.66 μm 2 chip area. The maximum measured operating frequency is 9 GHz, whose power consumption is 0.304 mW under a 1.35 V supply with a 29.6 GHz/mW FoM in divide-by-3 mode. With a 1.1 V supply, the measured maximum operating frequency is 6.9 GHz, 4% lower than simulation due to underestimation of parasitics. Figure 8 shows the measured output signals of the test chip operating at 6.9 GHz under 1.1 V, and 9 GHz under 1.35 V, respectively. The measured Vp-p of the output signals is lower than the internal supply voltage due to the open-drain buffer with a separate supply voltage. Measurement suggests that the divider can support a 9 GHz operation at both divide-by-3 and divide-by-4 modes. The maximum measured operating frequency is 9 GHz, whose power consumption is 0.304 mW under a 1.35 V supply with a 29.6 GHz/mW FoM in divide-by-3 mode. With a 1.1 V supply, the measured maximum operating frequency is 6.9 GHz, 4% lower than simulation due to underestimation of parasitics. Figure 8 shows the measured output signals of the test chip operating at 6.9 GHz under 1.1 V, and 9 GHz under 1.35 V, respectively. The measured V p-p of the output signals is lower than the internal supply voltage due to the open-drain buffer with a separate supply voltage. Measurement suggests that the divider can support a 9 GHz operation at both divide-by-3 and divide-by-4 modes. 
Conclusions
In this paper, we present a high-speed, low-power divide-by-3/4 prescaler design based on E-TSPC DFFs. We add only two NMOS transistors to a divide-by-4 frequency divider to realize a programmable division ratio of 3 and 4. We have optimized the divider and cut down the total transistor count to 16. Consequently, power consumption was reduced. In addition, the performance was improved by minimizing the critical path. The simulation results show that the FoM of the proposed prescaler was 17.4%, 34.8% and 75.5% better than those in Reference [12] , NOR-based and MUX-based ones, respectively. The proposed prescaler has been implemented in a 40 nm CMOS process, whose core only occupied a 3.4 × 5.66 μm 2 chip area. The divider achieved the highest operating frequency of 9 GHz with 0.303 mW power consumption under a 1.35 V supply. The best measured FoM of the proposed prescaler was 31.7 GHz/mW under a 1.1 V supply. Table 3 summarizes the measurement results of this work and compared with previous work based on TSPC and E-TSPC DFFs, including maximum operating frequency, power consumption and FoM. The table shows that the best FoM appears when the supply voltage is 1.1 V, and the highest maximum frequency works under 1.35V voltage. The proposed prescaler demonstrates the fastest speed and the best FoM. 
In this paper, we present a high-speed, low-power divide-by-3/4 prescaler design based on E-TSPC DFFs. We add only two NMOS transistors to a divide-by-4 frequency divider to realize a programmable division ratio of 3 and 4. We have optimized the divider and cut down the total transistor count to 16. Consequently, power consumption was reduced. In addition, the performance was improved by minimizing the critical path. The simulation results show that the FoM of the proposed prescaler was 17.4%, 34.8% and 75.5% better than those in Reference [12] , NOR-based and MUX-based ones, respectively. The proposed prescaler has been implemented in a 40 nm CMOS process, whose core only occupied a 3.4 × 5.66 µm 2 chip area. The divider achieved the highest operating frequency of 9 GHz with 0.303 mW power consumption under a 1.35 V supply. The best measured FoM of the proposed prescaler was 31.7 GHz/mW under a 1.1 V supply.
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